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Abstract. The collisional effect due to the multi-photon 
ionization process in dielectric material has been studied. 
We found that the breakdown threshold of fused silica is 
the same for both linearly and circularly polarized light at 
55 fs and 100 fs, which we believe is an indication of the 
suppression of multi-photon ionization in solids. By nu- 
merically solving the time-dependent Schr6dinger equa- 
tion with scattering, for the first time, we have observed 
substantial reduction of the multi-photon ionization rate 
in dielectrics due to collisions. 
PACS: 32.80.Rm; 77.32.Jp 
Multi-photon ionization (MPI) of free atoms is photoion- 
ization with photon energies smaller than the ionization 
potential. MPI has been uninterruptedly studied both 
experimentally and theoretically since its discovery in 
1965 [1,2]. Experimentally, important results on ioniz- 
ation rate as a function of laser intensity were obtained in 
the 1970s [3]. The observation of ejected electrons with 
excessive photon energy than the minimum MPI required 
(termed as above-threshold ionization) widened the un- 
derstanding of laser-atom interaction [4-6]. MuItiphoton 
Ionization of Atoms, edited by Chin and Lambropoulos 
and Atoms in Intense Laser Fields, edited by Gavrila have 
covered a great deal of the pursuit. In the theoretical 
studies of MPI, both analytical approximation and nu- 
merical methods have been employed. Keldysh studied 
the ionization probability of a hydrogen atom in an elec- 
tromagnetic field, where the final state of the electron is 
described by the so-called Volkov states [7]. Depending 
on the adiabatic parameter, 7 = (Ui/2Up) t/2, where Ui is 
the ionization potential and Up = e2E2/4nm) 2 is the quiver 
energy of an electron in the electric field, the ionization is 
related to the tunneling effect for 7 < 1, or to multi- 
photon absorption when 7 >> 1. Keldysh's work was redis- 
covered and improved by Faisal and Reiss later and they 
are now known as the KFR theory [8, 9]. Numerical 
studies of the time-dependent Schr6dinger equation have 
also been done [10, 11]. By numerically integrating the 
time-dependent Schr6dinger equation, one can directly 
calculate the ionization of an atom in the electronmag- 
netic field. In both approaches, researchers were able to 
explain many of the observations of multi-photon pro- 
cesses. 
We would like to point out, however, that most of the 
experiments on MPI were done with low pressure gases 
where inter-atomic distance is larger than the electron 
excursion amplitude, hence collisional effect is negligible, 
and theoretical studies were also concentrated on single 
atoms interacting with the laser field. 
Recently, we performed a series of laser-induced break- 
down (LIB) experiments with pulse widths ranging from 
150 fs to 7 ns in wide-hand-gap dielectric materials [12]. 
The normally transparent dielectric material can be 
ionized by the intense laser radiation and absorbs the 
photon energy, resulting in a catastrophic breakdown of 
the material. The key factor in LIB is the free electron 
generation. Since the photon energy is much smaller than 
the energy gap of the material, the electron generation is 
through nonlinear processes. The main mechanisms for 
free electron generation are avalanche ionization and 
multi-photon ionization. Our findings show that ava- 
lanche ionization dominates the breakdown, and multi- 
photon ionization effect is small even at the short pulse 
width regime where one would expect that MPI is much 
stronger due to the high intensity of the laser field. It 
puzzles us and motivates us to further investigate the 
photoinization process in solids. In solids and dense gases, 
the excursion amplitude of a valence electron can become 
bigger than the inter-atomic distance when high intensity 
laser pulses are applied. Therefore, scattering of the elec- 
tron off the neighboring atom is likely to occur during an 
optical cycle. Because of the high collision frequency in- 
side solids, the periodic motion of electrons has been 
disturbed, and the electrons are dephased with respect to 
the driven field. Hence we believe that MPI will be sup- 
pressed in solids. 
In this paper we report our investigation on MPI in 
solids through laser-induced breakdown experiments and 
by numerical integration of the time-dependent Schr6din- 
ger equation. We performed laser-induced breakdown 
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experiments with both linearly and circular polarized 
light. A chirped pulse amplification laser system was used 
in the experiment [13]. The laser pulse widths were 55 fs 
and 100 fs full width at half maximum (FWHM). Fused 
silica samples were made from Corning 7940, with a thick- 
ness of 150 gm. The detailed description of the experi- 
mental setup can be found elsewhere [12]. Two diagno- 
stics were used to identify the onset of the breakdown. We 
observed the decrease of the transmission due to reflection 
from the formed critical density plasma as well as the 
emission from the plasma at the focus spot. The results are 
shown in Fig. 1. The breakdown threshold decreases as 
pulse width decreases from the nanosecond regime to 
about 10ps, following the empirical scaling law of 
f t h  OC ~ .  However, as pulse width becomes shorter than 
a picosecond, the threshold did not decrease, which indi- 
cates that multi-photon ionization is not a dominant 
process. The solid line in Fig. 1 is based on avalanche 
ionization theory in the DC limit by Thornber [14] and 
assuming that the initial electron density is on the order of 
10S/cm z. The deviation from the DC avalanche ionization 
theory is due to the multi-photon ionization contribution 
to the initial electron generation. Multi-photon ionization 
takes place at the very leading edge of the pulse. When the 
laser intensity becomes so high that the electron excursion 
amplitude is greater than the inter-atomic distance, multi- 
photon ionization effect will be reduced because of very 
frequent collisions in the solid, as we will show later. 
Also notice that there is no observable difference on 
the breakdown threshold for the linearly and circularly 
polarized light for pulse width of 55 fs and 100 fs. The 
breakdown threshold for 55 fs pulses is 8.0 J/cm z and 
12.0 J/cm 2 for 100 fs pulses. These correspond to inten- 
sities of 1.45 x 1014W/cm 2 and 1.2 x 1014 W/cm 2, respec- 
tively. This result is, again, in contradiction to the multi- 
photon ionization theory. Previous experiment by 
Lompr6 et al. showed that the ionization rate for linearly 
and circularly polarized light is quite different [15]. The 
linearly polarized light can ionize much more efficiently 
than the circularly polarized light when ionization is 
through fourth or higher order photon absorption. This 
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Fig. 1. The breakdown threshold as a function of pulse width. Solid 
line is based on the avalanche ionization theory. At pulse widths of 
55 fs and 100 fs, the difference of breakdown threshold between 
circularly and linearly polarized light is within experimental error 
was explained by Gontier and Trahin [16]. It is under- 
standable that due to the conservation of angular mo- 
mentum, the channels to the final states are much fewer 
for circularly polarized light. Therefore, linearly polarized 
light should have a much smaller breakdown threshold 
than that of circularly polarized light, if multiphoton 
ionization process is uninterrupted as it is in low density 
gases. 
This contradiction can be explained if we realized that 
we used solid state material as our target, whereas gases 
were used by Lompr6 et al. and MPI  is suppressed in 
solids when the electron excursion amplitude becomes 
bigger than the inter-atomic distance as our numerical 
calculation shows below. 
In order to study the scattering effect on MPI, we 
numerically integrated the time-dependent Schr6dinger 
equation. Scattering effect in MPI  has been simulated by 
the Monte Carlo method. To our knowledge, collisional 
effect of a bound electron with neighboring atoms in the 
MPI  process has not been addressed before. 
Laser-atom interaction can be described by the time- 
dependent Schr6dinger equation 
ih 0~(r, t) _ p _ ec A(r, t) 
& 2m + V(r) W(r, t), (1) 
where V(r) is the coulomb potential, P is the electron 
momentum, and A(r, t) is the vector potential of the laser 
field. Expanding (1), we have 
ih #~P(r, t) p2 e 
~? ~  - 2m ~P(r, t) + ~ (A. P + P .  A)~P(r, t) 
e2A 2 
2mc2 ~(r,  t) + V(r)~(r, t). 
In the dipole approximation, the laser field is spatially 
uniform, A(r, t ) =  A(R, t )=  A(t), where R is the coordi- 
nate of the nucleus. Then 
P . A  = A . P - i h V . A  = A . P .  
Equation (1) becomes: 
a~g (r, t) p2 
ih - -  - ~t'(r, 
& 2m 
e 








- - -  ~P(r, t) + V(r)~g(r, t) 
e 
t) + - -  (A.  P cos O)~(r, t) 
mc 
e2A 2 
2mc2 ~(r,  t) + V(r)~(r, t), (3) 
where 0 is the angle between A and P. 
First, we solved the time-dependent Schr6dinger equa- 
tion numerically without including collisions to test our 
simulation. We followed the approach used by Kulander 
[10]. The Alternating-Direction-Implicit (ADI) method 
[17] is used to solve (3). We integrated the Schr6dinger 
equation for 20 periods. The laser field took five periods to 
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"ramp up" and was held constant for the next fifteen 
cycles. 
E(t) 7; 0 Ema x sin cot, t _< to, 
= (4) 
Ema x sin cot t > to, 
w h e r e  Ema x is the maximum electric field, co is the angular 
frequency of the laser light, to = 5T, and T is the optical 
period. Since 
A = -- S E(0dt ,  (5) 
we have 
t Emax t cos cot Emax sin cot , t _< to, 
A(t) = coto co2to 
sin coto cos cot (6) 
- -  Ema x -  + Ema x - ,  t > t0- 
( O  2 t o C O  
A cylindrical symmetry is assumed and a two-dimen- 
sional grid in pz space is chosen. The size of the integra- 
tion grid is 25 x 65 (atomic unit). A short-range imaginary 
absorption potential was set at the outer boundary to 
absorb particles so that we do not have numerical reflec- 
tions. The model atom is a hydrogen-like atom with an 
ionization potential of 9 eV (which is the ionization poten- 
tial of SiO2). The laser intensity in this calculation is 
1.96 x 1014 W/cm 2, and wavelength is 780 nm. The result 
is shown in Fig. 2. We plotted the probability function 
P(t) = ~ 14r2d3r against time. It is clear that P(t) decreases 
as the laser field is turned on, which means that the atom 
is ionized. The ionization rate is determined through the 
exponential decay of the density of the probability func- 
tion. We have compared the ionization rate of hydrogen 
obtained by us to that obtained by Kulander, and they 
agree very well. We are confident that our numerical code 
is working correctly. 
When laser interacts with a solid, scattering (collision) 
inside the solids is very frequent [18]. There are a few 
scatterings during an optical cycle (on the order of 10). 
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Fig. 2. The no rm of the wave function decreases as the laser field's 
turned on. It indicates that  the a tom is ionized. The exponential  
decay of the no rm gives a well defined ionization rate. In this case, 
the intensity of the laser is 1.91 x 1014W/cm 2, and the ionization 
frequency is 4.88 x 1014 s -  1 
The periodic motion of electrons has been disturbed, and 
the electrons are dephased with respect to the driven field. 
We have used Monte Carlo simulation to study the scat- 
tering (collision) effect. The scattering potential is assumed 
to be similar to that in the screened Rutherford scattering. 
For a scattering potential 
Z e 2 e  ( - .~r) 
u(r) = - -  ( 7 )  /, 
in which Z is the atomic number and 2 is a variable 
quantifying the decay of the potential with distance, the 
scattering cross-section is given by 
e4Z 2 1 
if(0) - -  pZv2 (1 - -  c o s  0 + 2tls) 2 (8) 
in which p, v are the momentum and speed of the electron, 
respectively, and ~/s is the screening parameter given by 
1 2 2 
qs - 4 p2" (9) 
The probability distribution function is then 
2,/s(1 + r6) 
p(O) = (1 - cos 0 + 2qs) 2" (10) 
Each scattering is treated as a distinct event giving rise to 
the angular deflection of the electron. We considered only 
elastic scattering and assumed that the electron does not 
lose its kinetic energy through this scattering because of 
the huge mass difference between the electron and the 
ions. After scattering, the momentum of the electron P will 
change its direction. As we can see from (3), only the term 
A. P will be affected. It is, therefore, equivalent to change 
the direction of the vector potential A instead of changing 
the direction of P. The occurrence of collisions is random 
and is sampled by a random number generator. A second 
random number generator is used to sample the deflection 
angle according to the probability distribution function 
p(O). We assume that collision happens instantaneously. 
The angle between the vector potential and momentum 
after collision is changed to a new value which remain 
constant until the next collision changes it. We have used 
10 collisions per optical cycle in this calculation. 
The result is shown in Fig. 3. It is clear that without 
collisions, the ionization rate is defined by observing the 
exponential decay of the probability function P(t) (see 
Fig. 2). However, when collision is considered, the decay 
of the probability function P(t) slows down, revealing the 
reduction of ionization. Due to the statistical behavior of 
the Monte Carlo method, the ionization rate is different 
for different scattering events, but all of them are less than 
that without collision. In Fig. 4, we show the averaged 
I 7*(r, t)[ 2 for 30 different scattering events as a function of 
time compared to that without collision. It shows that 
a substantial reduction of MPI occurs when collisions are 
present. In order to obtain a statistically accurate result, it 
is necessary to run many cases. Nonetheless, we believe 
that, in principle MPI is suppressed by collisions inside 
solids. 
The reduction of MPI can be understood as follows: 
since an electron can only absorb photon(s) by exchanging 
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Fig. 3. Ionization with collisions. In these four different scattering 
cases, the ionization rate decreases due to the collisions inside solid 
momentum with the nucleus, it has a bigger probability of 
being ionized when it is closer to its nucleus. In the 
absence of scattering, the electron moves around the nu- 
cleus in periodic orbits, and ionization probability goes 
high once every period. These ionized wave packets con- 
structively interfere with each other to form a state of free 
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Fig. 4. Averaged ionization rate with collisions compared to that 
without collision. Substantial reduction due to collisions is readily 
observed 
electron with kinetic energy of nhco  - U ,  - U p ,  where n is 
an integer. When collision happens, however, this periodic 
motion is disturbed and electrons have less chance to be 
close to the nuclei to absorb photons. When the ionized 
wave packets are out of phase with each other, they then 
lead to a destructive interference. Therefore the multi- 
photon ionization rate is reduced. 
In conclusion, we first investigated the effect of colli- 
sion to the multi-photon ionization process in a dielectric 
material through a laser-induced breakdown experiment. 
The high breakdown threshold for short pulses and the 
independence of the breakdown threshold on the polar- 
ization of the light can be explained by the suppression of 
multi-photon ionization. We have numerically integrated 
the time-dependent Schr6dinger equation with scattering 
simulated by Monte Carlo method. A substantial reduc- 
tion of the photoionization rate is observed due to the 
collisional effect. It suggests that the scattering effect be- 
comes increasingly important when the laser and solid 
interact above the intensity level where the electron excur- 
sion amplitude is larger than the inter-atomic distance. It 
also reinforces the idea that dielectric breakdown is an 
avalanche ionization dominated process. 
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